Large, high efficiency, volume Bragg gratings with dimensions of 5 mm × 5 mm and thickness between 1 and 7 mm with 20 µm pitch have been inscribed in poly(methyl)methacrylate (PMMA) with 180 fs, 387 nm parallel beams using both linear and circular polarizations. Linear polarization (perpendicular to the scan direction) produced the highest refractive index contrast, while circular polarization produced the lowest. The measured first-order diffraction efficiency with grating thickness L agrees well with theoretical expectations, and reached a maximum of 94% near L = 4 mm, the highest yet observed in pure PMMA. The source of the variation in refractive index contrast was investigated, and it was found to be due to the polarization-dependent nonlinear filamentation, the first such observation in a pure polymer.
Introduction
Volume Bragg gratings (VBGs) are used in a wide range of interesting applications, such as astronomical spectroscopy, ultrafast laser compressors and wavelength division multiplexing [1] , wavelength stabilization of high power laser diodes [2] , and narrowband filters for Raman spectroscopy [3] . Further, chirped VBGs have been used in the stretching and compression of ultrafast laser pulses in fibre laser chirped pulse amplification (CPA) systems, eliminating the dispersion mismatch of the stretcher/compressor [4] . VBGs are generally produced holographically in photosensitive materials such as dichromated gelatine (DCG) films typically 10-30 µm thick with refractive index (RI) modulation n ∼ 0.02-0.1 [5] or photothermorefractive (PTR) glass, where modified thickness can be several millimetres with n ∼ 0.001 [6] . Such gratings are remarkably stable, and in the case of PTR material can handle high average laser powers exceeding 100 W with damage thresholds F ∼ 10 J cm −2 [7] . Careful design can result in devices with high diffraction efficiency close to unity combined with line densities >1000 lines mm −1 .
Femtosecond laser inscription, initiated by multi-photon absorption, has extended the field of microstructured optical materials to almost all transparent dielectrics, including glasses [8] [9] [10] [11] [12] [13] and polymers [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Thanks to their ease of manufacture and low cost, polymers are attractive substrates for the fabrication of photonic components such as transient optical memory [14] , photonic crystals [15] , 2D and 3D waveguides [16, 17] , 3D microchannels [18] , splitters [19] , and VBGs [20] . In the latter case, holographic exposure of azodye-doped PMMA with NIR, 150 fs pulses yielded 0.3 mm diameter VBGs with a first-order Bragg diffraction efficiency (DE) η 1 ∼ 90% and 200 lines mm −1 . However, inscription simultaneously created surface relief gratings, contributing an estimated ∼8% to this high efficiency.
Pure PMMA is of interest because it has high optical transparency, and is inexpensive, and so is ideal for creating disposable photonic devices for clinical, biological, and chemical applications. For example, NIR, low NA femtosecond laser inscription of 200 µm thick VBGs in undoped PMMA was first demonstrated using 40 fs, 1 kHz pulses at 800 nm with DE η 1 ∼ 37% and inferred n ∼ 5 × 10 −4 [21] . Mochizuki et al [22] produced 10 µm pitch, 300 µm thick VBGs in PMMA and other polymers, using 0.5 µJ, 120 fs pulses at 800 nm and 1 kHz repetition rate, focused with a low NA (0.13) objective, with highest η 1 ∼ 45% in poly(methyl)pentene. More efficient inscription in PMMA at 800 nm occurs with temporal pulselengths τ p ≤ 100 fs, allowing overscanning of exposed regions, thus increasing n without optical breakdown [23] . At low NA (∼0.1), filamentation occurs in dielectrics, leading to a dynamic balance between Kerr lens focusing and plasma defocusing, extending modification depths well beyond the Rayleigh length, ideal for creating thick VBGs [24] . By frequency doubling longer, 160 fs NIR pulses at 775 nm to the NUV, excellent inscription in PMMA was achieved at 387 nm, and the photochemistry mechanisms were investigated after exposure [25] .
Single-beam inscription, especially at low kHz repetition rates, can be accelerated by the use of parallel processing using a spatial light modulator (SLM), capable of generating arbitrary spot patterns when addressed with appropriate computer-generated holograms (CGHs) [26] . Using 16 parallel NIR beams with 775 nm, 160 fs pulses at 1 kHz, high uniformity VBGs were inscribed in PMMA, reaching η 1 = 70% with 4 mm thickness and inferred n ∼ 4.6 × 10 −5 [27] . By combining an SLM with a BBO nonlinear crystal, parallel beam NUV inscription was used to fabricate 2 mm thick VBGs reaching η 1 > 70% and hence inferred n ∼ 8.4 × 10 −5 [28] . The use of 387 nm, 180 fs pulses in PMMA allows nonlinear modification via 2-photon ionization rather than 3-photon ionization, required at 775 nm, resulting in higher n and more stable gratings [27, 28] .
In this study, the parallel beam technique developed by us previously [28] is used to inscribe a series of large, high quality VBGs with thickness ranging from L = 1 to 7 mm in clinical grade PMMA with 180 fs, 387 nm parallel beams at low NA (∼ 0.1). The measured first-order diffraction efficiency when inscribed with linear vertical polarization |V (transverse electric, TE) reached η 1 > 94% near L = 4 mm, the highest yet observed in pure PMMA, fitting the expected theoretical function. With L > 4 mm, the phase angle φ > π/2, and hence coupling back to zero order is observed. Further, by altering the incident state of polarization during inscription, a polarization-dependent refractive index modulation was detected in PMMA with maximum n measured with linear (TE) polarization. This is the first observation of polarization-dependent filamentation in a pure polymer as far as the authors are aware.
Experimental details
The experimental set-up, figure 1, has been described previously in detail [28] , and so only a brief description is given for completeness. The main difference is the use of a phase-only SLM for this work. The horizontally polarized output beam from a Clark-MXR CPA 2010 system (775 nm, 160 fs, 1 kHz, 1 mJ) is attenuated then expanded on to a phase-only SLM (Hamamatsu X-10468-02, 800 pixels × 600 pixels) addressed with appropriate CGH which generates multiply diffracted NIR beams. A thin BBO crystal 8 mm × 8 mm × 0.7 mm, θ = 30 • , φ = 0 • is placed after and in close proximity to the SLM, converting the NIR beams to nearly collinear NUV beams. A 4f optical system with two plano-convex lenses (L1, L2, f = 194 mm at λ = 387 nm) is set to reimage the SLM surface to the input plane of a fused silica objective lens (f.l. = 50 mm, NA ∼ 0.1). The undiffracted zero-order NIR and NUV components were blocked by a small target near the Fourier plane of the first lens L1. The PMMA substrates (Vistacryl CQ non-UV, 25 mm × 25 mm × 7.5 mm), polished on all sides, were mounted on a precision 3-axis motion control system (Aerotech) running under NView MMI and the 387 nm parallel beams were carefully focused >100 µm below the surface. Addition of a zero-order half-wave/quarter-wave plate at objective input plane D allowed polarization-dependent inscription.
Results-vertical linear polarization |V (transverse electric, TE)
We define the incident polarization state with the ket notation, |P . Phase hologram CGHs were generated in a LabView environment with the iterative Gerchberg-Saxton algorithm [29] , generating 10 near uniform, paraxial vertically diffracted spots, frequency doubled in BBO to λ 2ω ∼ 387 nm, creating vertically linearly polarized beams. A series of VBGs with thickness from 1 to 7 mm with pitch 1 = 22.3 µm was inscribed horizontally at constant pulse energy and vertical linear polarization |V transverse to the scan direction. Filaments were observed to have length δL = 373 ± 28 µm and width W ∼ 4.0 µm when inscribed with pulse energy E p = 0.31 µJ/beam at 0.08 NA and s = 1 mm s −1 scan speed. The pulse energies were set carefully and monitored using a pyroelectric detector, measuring every pulse at 1 kHz (type JE-05, Molectron). A continuously modified cross section was created by stitching filaments separated by L = 333 µm along the optic axis, hence with a 10% overlap, previously shown to be satisfactory [28] , while offsetting the comb of spots at a pitch 2 = 10 1 in the vertical, to extend the 3D grating size. Figure 2 η 1 > 90%. Zero order appears just above the black dot. There is clearly remaining background scatter, mainly near the zero order.
The fabrication time for a 5 mm × 5 mm × 5 mm thick VBG was ∼45 min with ten parallel spots, scanned in only one direction to avoid potential non-uniformity effects due to pulse front tilt [30] , present in most femtosecond laser compressors. As the gratings develop after inscription [28] and n increases, the first-order efficiency alters accordingly. Figure 5 summarizes the measured first-order DE of the seven gratings over 30 days after inscription since the gratings continue to develop over this period before stabilizing. Gratings with thickness L = 1-4 mm have DE that increases monotonically with time as n increases. However, the gratings with L = 5-7 mm reach a maximum DE within hours to days, and then decay afterwards. The grating with L = 7 mm reached its highest diffraction efficiency almost immediately after inscription (within hours) and decreased thereafter as the modulation n increased.
From the data of figure 5, figure 6(a) shows the diffraction efficiency measured at the Bragg angle a few hours and 30 days after inscription, and comparison with the theoretical fit due to Kogelnik [31] , η ±1 = sin 2 φ = sin 2 (π nL/λ cos θ B ), where n ∼ n(t) is the RI modulation, L is the grating thickness, λ = 532 nm is the read out wavelength, and θ B is the Bragg angle. The fits to the Kogelnik expression are pleasing, supporting a near uniform modification throughout the structures, and they highlight the developing RI modulation, thus pushing the diffraction maxima where φ > π/2 to lower L. After 30 days, the RI modulation n lin = (6.01 ± 0.07) × 10 −5 and the inferred optimum grating thickness is L ∼ 4.5 mm. At higher L, the phase angle φ > π/2, so the efficiency drops as light couples back to zero order in these interferometric structures. The RI modulation n lin is relatively low but not unexpected with single transverse scans of the waveguides with 180 fs pulses. The low NA used (0.08) allows deep uniform modification (up to 10 mm), as spherical aberration at the interface is essentially negligible [32] .
The Bragg angular envelope of a 5 mm thick grating, measured at 532 nm, 17 days after inscription is shown in figure 6 (b) and compared with a theoretical fit [33] ,
where L is the grating thickness, n = n lin is the RI modulation, θ is the angular deviation from the Bragg angle θ B , and is the grating pitch. The measured θ exp fwhm ∼ 1.3 θ theory fwhm , so the envelope is marginally broader than expected, most likely due to the slight angular divergence of the filaments which have a low but finite deviation [28] . The efficiency peaks near θ B = sin −1 ( λ 2 ) = 0.68 • , as expected. The angular response also confirms that the grating is indeed a thick volume grating with thickness parameter [31] Q = 2πλL n 2 = 18 with L = 4. Q > 10 is required for thick gratings. Using this definition, the gratings for L ≥ 2 mm are all thick. VBGs were also found to be remarkably insensitive to reading wavelength polarization, one of the attributes of VBGs.
Inscription effects with linear and circular polarizations
A series of 5 mm gratings with pitch 1 = 22.3 µm was inscribed under identical conditions except that the incident state of polarization was either linear vertical |V (perpendicular to scan direction, TE), linear horizontal |H (parallel to scan direction, TM), or circular (|R and |L ). The polarization was altered using either a zero-order half-wave (|V , |H ) or quarter-wave (|R , |L ) plate, inserted just ahead of the objective. A clear polarization-dependent inscription was observed. First-order DE was highest with vertical polarization |V (TE), then linear horizontal |H (TM), and finally circular polarization (|R and |L ). As expected from symmetry, the first-order diffraction efficiency η 1 (|R ) = η 1 (|L ) within experimental error. Table 1 summarizes the measured first-order Bragg efficiencies, nine days after inscription. Linear polarization states clearly couple more strongly to the material. Errors indicate 1σ . While η 1 (|V ) − η 1 (|H ) ∼ 5%, the highest difference η 1 (|V )−η 1 (|R ) ∼ 8%, corresponding to δ( n) = 6% and 9% respectively. The total pulse energy was monitored carefully throughout the inscription of the sets of four VBGs and maximum variation in pulse energy
3.12 µJ = 0.64%, where E p is the total pulse energy for ten spots. The measured ratio η 1 (|V )/η 1 (|R ) was time dependent; see figure 7 . Thus, [η 1 (|V )/η 1 (|R )] max = 1.21 ± 0.03, (1σ ) shortly after inscription. This ratio decays to 1.09 ± 0.02 after nine days, as the gratings develop.
To investigate the effects of polarization inscription during filamentation, the filament widths and lengths were investigated after exposure. Figure 8 shows optical images of parallel filaments written with vertical linear (TE) and circular polarizations. The filament widths, measured over sets of ten, were found to be essentially independent of the writing polarization and the average width over many filaments and all polarizations, W = 4.02 ± 0.02 µm (1σ ).
Sets of filaments were inscribed using single-beam inscription with linear (TE) and circular polarizations with a pulse energy E P = 0.301 ± 0.0013 µJ (1σ ). The detector response (J3-05, Molectron) was checked carefully and determined to be independent of polarization within experimental error. For these experiments, the quarter-wave plate fast axis orientation was rotated from vertical, parallel to the incident linear polarization |V , to ±45 • to generate |R and |L circular polarizations. Figures 9(a) and (b) show the optical images (in transmission) of the filamentary modification cross sections observed between filaments inscribed with linear (TE) and circular polarizations. There is clearly a significant difference in filamentary modifications. With linear polarization, the inscribed filaments appear more uniform, and appear to have higher RI contrast than with circular polarization ( n lin > n circ ), while also originating nearer the laser source by around L ∼ 40 µm. As expected from symmetry, right and left polarizations generate similar modifications; see figure 9 (b), which shows filament cross sections observed at a depth of ∼2 mm. However, circular polarization also shows a short, higher contrast region ( n circ > n lin near z ∼ z 0 ) where self-focusing appears to overcome plasma defocusing, leading to filamentation collapse, then the plasma density rises again, the filamentation recovers, and a dynamic balance is reestablished. From the observed filament contrast, however, in general, n lin > n circ . The filamentation differences were less obvious as the inscription depth was increased beyond 4 mm, but still apparent even at 6 mm depth.
Discussion
Filamentary femtosecond modification is accomplished with parallel beams with τ P ∼ 180 fs pulselength at λ 2ω = 387 nm and low NA (0.08). Filamentation, or self-guiding with intense femtosecond pulses, has been observed in air [34] and fused silica [35, 36] , involving complex nonlinear processes such as self-focusing, multi-photon absorption, pulse steepening, and self-phase modulation, generally leading to a supercontinuum, depending on the material bandgap [37] . Self-guiding is the result of the dynamic balance between self-focusing (Kerr lensing) and plasma defocusing, while effects such as chromatic dispersion are expected to be much less important [38] . This leads to spatial confinement over distances much greater than the characteristic Rayleigh length. When a Gaussian laser pulse of peak intensity I (W cm −2 ) with plane wavefront passes through a transparent dielectric (Kerr) medium, the refractive index n 0 is modulated instantaneously to n = n 0 + n 2 I, where n 2 is the nonlinear RI component generated through the third-order susceptibility χ (3) . As the pulse propagates, the phase delay on the axis is greater than at the pulse edge; hence an instantaneous lens is formed, leading to self-focusing if the peak power exceeds the critical power [39] ,
overcoming diffraction. Theoretically, self-focusing would lead to a singularity, but it is prevented from doing so by plasma defocusing. As the intensity increases, nonlinear MPI generates seed electrons in the conduction band, followed by impact ionization; hence a free electron plasma with density ρ e (t) grows exponentially (highest density ρ e on axis). This creates a negative lens which balances the self-focusing, leading to confinement of the radiation in a filament, where the ultrahigh intensity (here, I ∼ 1.2 × 10 13 W cm −2 ) is clamped [35] . The filament lengths observed here are δL ∼ 338 µm ( figure 9(a) ) while the Rayleigh length R L = (π n 0 ω 2 0 λ 0 ) = 48.4 µm (ω 0 = 2 µm, λ 0 = 0.387 µm); hence δL R L , as expected. During the study of transient plasmas in fs waveguiding in doped phosphate glass with temporal pulselengths 100 < τ p < 400 fs, Gawelda et al [40] observed clear polarization-dependent effects in filamentation which diminished with increasing temporal pulselength and fully suppressed at 400 fs with circular polarization while still being present with linear polarization. The results were consistent with a difference in critical powers: P lin C = 1.03 MW and P circ C = 1.53 MW, a factor of ∼1.5 higher. The ratio of the nonlinear refractive indices n lin 2 and n circ 2 in an isotropic dielectric medium scale as n circ 2 /n lin 2 = 1.5 [39] due to the fact that the third-order susceptibility χ (3) (which is a tensor) has only one component with circular polarization whereas the linear polarization has two components. The ratio of critical powers is expected to be P circ C /P lin C = 1.5; thus self-focusing is weaker with circular than linear polarization and consistent with observations during filamentation in a pure polymer, PMMA.
PMMA has a band gap of E b = 4.58 eV [25] , so that MPI is initiated by 2-photon absorption at 387 nm (hν = 3.2 eV), and since the temporal pulselength is τ p ∼ 180 fs impact ionization is also significant. The electron density may reach ρ e > 10 19 cm −3 , where irreversible modification occurs. The peak intensity I in each filament can be estimated to be I = ( The observed filamentation differences (figures 9(a), (b)) with linear and circular polarizations indicate that the ratio of critical powers P lin C /P circ C > 1 in PMMA and that filamentation leads to stronger coupling and higher n with linear polarization. The relationship between n 2 and the third-order susceptibility χ (3) is given by [41] 
where n 2 has units cm 2 W −1 and χ (3) is measured in esu. In optical solids, the value of χ (3) is typically in the range 10 −13 -10 −14 esu [40] . For example, the value of χ (3) in PMMA at λ = 1500 nm was estimated to be [42] χ (3) ∼ 3 × 10 −14 esu and, as χ (3) scales linearly with wavelength, then χ (2)) is therefore P C ∼ 1.1 MW, while the peak power in each beam P = 1.7 MW ∼ 1.5P C , which confirms that self-focusing will occur ahead of the geometrical focus inside the material. The value of χ (3) quoted by D'Amore et al [42] was measured on a thin film of PMMA by third-harmonic generation and with accuracy limited by significant background from the fused silica substrate. This places an uncertainty on the critical power calculated at 387 nm above; hence we have also estimated n 387 2 as follows, with a very simple model [39] . From the observed filament widths, self-guiding was limited to a diameter ϕ = 4.0 µm during filamentation. This can be compared to a waveguide whose core has RI = n 0 +δn, while outside RI = n 0 . The critical angle for traversing rays in a waveguide is given by θ c = (2δn/n 0 ) 1/2 , while the angle of diffraction of a Gaussian beam of diameter ϕ is given by θ dif = 0.61λ/n 0 ϕ, so guiding will occur if all rays experience total internal reflection, that is when θ c = (2δn/n 0 ) 1/2 = θ dif = 0.61λ/n 0 ϕ; hence
With I = 1.22 × 10 13 W cm −2 , λ 0 = 3.87 × 10 −5 cm, ϕ = 4.0 × 10 −4 cm, and n 0 = 1.49, we obtain a value n 387 2 = 9.58 × 10 −17 cm 2 W −1 , in reasonable agreement with the value in D'Amore [42] (1.37 × 10 −16 cm 2 W −1 ) and lower by a factor of 0.7. The proximity of these values supports the linear scaling of χ (3) to shorter wavelengths. The RI modulation during self-guiding in PMMA is δn = n 387 2 I ∼ 1.67×10 −3 , a level consistent with a strongly guiding structure. Interestingly, a collimated beam at 387 nm (2ω 0 = 0.8 cm) with peak power P ∼ 1.7 P C traversing a 10 cm thick PMMA sample should self-focus in a distance [39] Z sf = ω(n 0 /2n 2 I) 0.5 ∼ 8.4 cm, and then avoid collapse through filamentation.
The plasma electron density, e , which balances the self-focusing attained in the filaments, can be estimated from the real part R e ( n) of the Drude equation for the RI change due to the plasma [36] ,
where e and m e are the electron's charge and mass, ε 0 is the permittivity of free space, n 0 (1.49) is the linear refractive index, ρ e is the electron density, ω(387 nm) is the laser frequency (3.87×10 15 rad s −1 ), and τ c is the electron collision time. If τ c is of the order of 1 fs or greater (τ c = 0.4 fs in fused silica), the ratio ω 2 τ 2 c /(1+ω 2 τ 2 c ) > 0.96 and it tends closer to unity as τ c increases. Hence we obtain, as n 2 I = 1.67 × 10 −3 , an estimate of the electron density in a filament, with the help of equation (5):
This value is of the correct order required to produce permanent modification [37] and well below the critical plasma density ρ crit e ∼ 10 21 cm −3 which would result in complete optical breakdown. As the scan speed s = 1 mm s −1 during inscription, corresponding to s = 1 µm ms −1 , the material is exposed to only ∼4 overlapped pulses during inscription of 4 µm wide structures. As n lin 2 > n circ 2 , equation (6) infers that the plasma density reached with linear polarization should be higher than that with circular polarization. Diffraction efficiencies measured soon after inscription should therefore reflect the degree of bond breaking in the polymer, dependent on the plasma formation during filamentation.
The grating efficiencies depend on the phase angle φ, where φ(|P ) = π n P L/λ cos θ B for a grating of length L and |P is the state of polarization. As the inscribed filament cross sections for linear and circular polarizations are different, then allowing for slight variation in n P with depth z, the difference in first-order DEs is related to the changes in optical path length OPD = δ( n P L), given by
The observed DE after 1 day for linear (TE) polarization was 62% (figure 5), while the ratio of diffraction efficiencies R = (sin 2 α n lin /sin 2 α n circ ) = 1.21±0.03 after ∼1 day, which leads to ( n lin / n circ ) max ∼ 1.13 ± 0.03 when averaged throughout a 4 mm grating structure, a modest though significant variation.
As 2-photon absorption (also related to third-order susceptibility χ (3) ) initiates the nonlinear ionization process in PMMA at 387 nm, there may be a polarization-dependent effect on the 2-photon absorption cross section ratios in PMMA which initiates plasma formation.
Effects of polarization in multi-photon ionization (MPI) were first observed in 1971 during the 3-photon ionization of atomic caesium with a ruby laser where experimentally, the ratio of cross sections was found to be ( These experiments inspired theoretical work on MPI [45, 46] which predicted the dominance of circular polarization in low-order MPI, N ≤ 3 with upper limits ( ) ∼ 3.7 [49] . However, the RI contrast during waveguide inscription in fused silica (120 fs, 1 kHz, 800 nm, 0.46NA) was both polarization and intensity dependent [50] .
The plasma densities reached in filaments (equation (6)) with linear and circular polarization could be expected to vary by a factor of 3/2, leading to ( n lin / n circ ) theory ∼ 1.5, assuming that n ρ e . However, the ratio is clearly much lower, ( n lin / n circ ) ∼ 1.13. However, if the ratio of two-photon ionization cross sections in PMMA was similar that observed in atomic caesium, that is, favouring circular polarization, with ( σ circ 2 σ lin 2 ) ∼ 1.28 [44] , then circular polarization could enhance 2-photon ionization over linear polarization, increasing the initial seed electron density available for impact ionization. This effect could reduce the differential in final plasma densities, yielding ( n lin / n circ ) ∼ 1.5 1.28 = 1.17, closer to the ratio ( n lin / n circ ) max ∼ 1.13 ± 0.03 estimated from the measured first-order diffraction efficiencies. This may be a fortuitous result and would require additional confirmation by high NA, polarization-dependent experiments (defeating filamentation) of 2-photon absorption coefficients, well beyond the scope of the current paper.
The photochemical changes in pure PMMA after fs inscription with NUV pulses at 387 nm have previously been analysed in detail [25] and, more recently, Raman mapping after fs exposure at 400 nm confirmed the increased density (relative to surrounding material) of C=C bonds, detected at wavenumber = 1640 cm −1 [51] . These bonds are found only in the monomer and end groups of PMMA, supporting the view that fs exposure in PMMA causes chain scission of the polymer backbone and depolymerization [25] . The temporal development over 30 days might well be due to diffusion of monomer MMA into unexposed regions combined with cross linking and stress relaxation. As linear polarization appears to couple strongest to the substrate, we infer that it creates more chain scission (bond breaking) in filaments than with circular polarization [52] . The ns observed after exposure, and differences due to polarization, although modest, support this view.
Conclusions
We have used low NA, parallel beam NUV fs inscription with a phase-only SLM to create high efficiency VBGs in pure PMMA with thickness L = 1-7 mm, reaching the first-order Bragg efficiency η 1 ∼ 94% with L = 4 mm, when inscribed with linear vertical polarization (TE) perpendicular to the scan direction. The diffraction efficiency is the highest achieved in a pure polymer as far as the authors are aware. An excellent fit to Kogelnik theory η ±1 = sin 2 ϕ was observed [31] and used to estimate the RI modulation, which reached n lin TE = (6.01 ± 0.07) × 10 −5 after 30 days. The excellent fit to the theoretical curve infers that VBGs are approaching device level quality. By inscribing sets of 5 mm thick VBGs with the same pulse energy but different linear and circular polarizations |V , |H , |R , |L , maximum diffraction efficiency was observed with linear vertical polarization |V (TE), then horizontal |H (TM) (TM), and lowest with circular polarization. The ratio of first-order DEs was [η 1 (|V )/η 1 (|R )] max = 1.21 ± 0.03 soon after inscription. By studying the filamentary inscription cross sections made under identical energies but with linear (TE) and circular polarizations, a polarization-dependent filamentary modification was confirmed, stronger with linear than circular polarization. This is consistent with the observed stronger self-focusing with linear than circular polarization, and was theoretically predicted [39] . The observed ratio of diffraction efficiencies infers that ( n lin / n circ ) max = 1.13 ± 0.03 when averaged over a 5 mm thick structure.
While linear polarization gave highest n, inscribed VBGs displayed higher background (6-8%) than with circular polarization, 2-3%. The source of the background is under investigation. There may, for example, be a remaining small stitching error or possibly an effect due to imperfect uniformity between the parallel spots. In the case of linear (TE) polarization, periodic nanostructures can be written within the filaments during exposure, increasing coupling to the plasma due to the interference of the laser electric field with bulk electron plasma waves [53] . Surface ablation of PMMA with 45 fs, 800 nm pulses shows a strong asymmetry due to polarization dependence [54] . The inscription symmetry offered by circular polarization is clearly desirable to avoid such effects.
